Optical coatings with the highest laser damage thresholds rely on clean conditions in the vacuum chamber during the coating deposition process. A low base pressure in the coating chamber, as well as the ability of the vacuum system to maintain the required pressure during deposition, are important aspects of limiting the amount of defects in an optical coating that could induce laser damage. Our large optics coating chamber at Sandia National Laboratories normally relies on three cryo pumps to maintain low pressures for e-beam coating processes. However, on occasion, one or more of the cryo pumps have been out of commission. In light of this circumstance, we decided to explore how deposition under compromised vacuum conditions resulting from the use of only one or two cryo pumps affects the laser-induced damage thresholds of optical coatings. The coatings of this study consist of HfO 2 and SiO 2 layer materials and include antireflection coatings for 527 nm at normal incidence, and high reflection coatings for 527 nm, 45⁰ angle of incidence (AOI), in P-polarization (P-pol).
INTRODUCTION
The large optics coating system at Sandia National Laboratories uses e-beam evaporation to produce optical coatings with high resistance to laser damage for the kJ-class Z-Backlighter laser system 1, 2 . The coating system has been in operation since 2005 for the production of antireflection, high reflection, polarizer, and dichroic coatings on meterclass optics, using mainly HfO 2 and SiO 2 coating materials [3] [4] [5] [6] [7] .
Producing an optical coating with a high laser-induced damage threshold (LIDT) involves many variables, including the substrate preparation [8] [9] [10] , coating material selections 5, 6, 11 , deposition method 12 , pulse duration of the laser 13 , and likely the pressures maintained during deposition. This study concerns pressure; specifically, the consequences of losing some vacuum pumping capability during a coating deposition. This is a real concern of ours because, on rare occasions, a vacuum pump requires maintenance and needs to be taken out of service while a coating deposition is taking place. Until this study was conducted, we did not know how the loss of a vacuum pump would impact the LIDT of our coatings.
The vacuum conditions in our 2.3 m X 2.3 m X 1.8 m coating chamber are maintained by 3 cryo pumps, which provide base pressures as low as 5e-7 Torr. When a cryo pump is out of service during a coating deposition, the remainder of the deposition is supported by just 2 cryo pumps, or in the worst case, 1 cryo pump. In order to understand how the loss of one or two cryo pumps affects the LIDT of an optical coating, this study replicated those conditions with two of our most common coatings. These coatings are antireflection (AR) coatings (for 527 nm, 0⁰ AOI), and high reflection (HR) coatings (for 527 nm, 45⁰ AOI, P-pol). In practice, the HR coating is used for fold mirrors, while the AR coating is used for transmissive optics (debris shields, vacuum windows, and lenses) for dual wavelengths of 527 nm/1054 nm. We have reported on the LIDT results of the AR coating at 532 nm and 1064 nm in previous studies 2, 4 . For this study, we deposited the AR and HR coatings with vacuum in the chamber provided by one, two, and three cryo pumps, and then had LIDT measurements performed on each coating.
EXPERIMENTAL METHOD
The AR coatings were a standard 4-layer design, and the HR coatings were a 34-layer quarter-wave design, with the final SiO 2 layer being a half-wave thick to improve the LIDT 13 .
The SiO 2 layers were produced from the evaporation of SiO 2 granules (1-3 mm in size) in a rotating dish, with a deposition rate of 7 Å/s. The HfO 2 layers were produced by evaporating hafnium metal, with an oxygen backfill resulting in a total pressure in the chamber of 1.1e-4 Torr. In the AR coatings, the first HfO 2 layer (layer #1) was deposited at a rate of 1 Å/s and the second HfO 2 layer (layer #3) was deposited at a rate of 2 Å/s. In the HR coatings, the HfO 2 layers were deposited at a rate of 3 Å/s. Both the AR and HR coatings were deposited at 200⁰ C.
Each coating was deposited onto a 50 mm diameter, 10 mm thick, optically polished fused silica substrate. Each substrate was prepared according to our standard cleaning method 8 immediately before they were loaded into the coating chamber.
Normally, ion-assisted deposition (IAD) is required to produce "thick" HR coatings without stress problems if the substrate is large and made of fused silica 2 . However, because the substrates in this study are small, we did not take the precaution of producing the HR coatings with IAD.
The coating system uses planetary rotation and masking to maintain coating uniformity. Quartz crystal monitoring with a single crystal is used for layer thickness control. Before each coating took place, the base pressure in the coating chamber was near 3e-6 Torr for the AR coatings, and 5e-6 Torr for the HR coatings. The pressure in the coating chamber was determined using a calibrated ion gauge (model: 370 Stabil-ion gauge, from Granville Phillips).
A summary of the coating designs and deposition conditions are shown below in Table 1 . After the coatings were produced, the substrates were washed with detergent and DI water according to our standard cleaning method 8 , and then sent to the laser damage testing facility. The coatings were tested about 1 month after deposition. An aging effect in e-beam deposited coatings results in a permanent but small spectral shift to longer wavelength. Our coatings, especially the thicker ones for HR, have a tendency to age most within the first week of being deposited, while the thinner AR coatings hardly age at all. The LIDT tests were conducted after the aging effects appeared to have finished.
LASER DAMAGE TESTING PROTOCOL
The LIDTs were measured at 532 nm and 0 o AOI for the AR coatings and at 532 nm and 45 o AOI in Ppol for the HR coatings. The laser damage measurements were conducted by Spica Technologies, Inc. 15 using the NIF-MEL protocol 16 . In this protocol, the coated surface of the test optic first undergoes an alcohol drag-wipe cleaning step.
Then, single transverse mode, multi-longitudinal mode laser pulses of 3.5 ns duration and produced at a 5 Hz repetition rate in a 1 mm diameter collimated beam are incident one at a time per site in a raster scan composed of ~ 2500 sites over a 1 cm 2 area. In the raster scan, the laser spot overlaps itself from one site to the next at 90% of its peak intensity radius. The laser fluence typically starts at 1 J/cm 2 in the cross section of the laser beam. After testing the 2500 sites at 1 J/cm 2 , the fluence is increased in a 3 J/cm 2 increment and the 2500 sites are tested again.
This progression repeats until the damage threshold fluence is reached.
The NIF-MEL procedure is essentially an N-on-1 test at each of the 2500 sites. Laser damage is identified as some type of melt or crater that alters the coated surface, but in some cases the damage stabilizes as a damage site that does not propagate -that is, grow in size -as the laser fluence increases. These non-propagating (NP) damage sites tend to be caused by the interaction of the laser field with nano-defects (pits, nodules, or contamination) in the coating. In other cases, the damage does propagate. Propagating damage tends to be intrinsic, governed by how the laser field interacts directly with the coating molecules.
According to the NIF-MEL damage criterion, the LIDT is reached at the fluence at which 1 or more propagating damage sites occurs, or the fluence at which the number of NP damage sites accumulates to at least 25, whichever fluence is smaller. The 25 or more NP sites are 1% or more of the 2500 sites tested and constitute about 1% or more of the 1 cm 2 coating area tested. Our reason for choosing an LIDT test with these damage criteria is the following.
We know we cannot tolerate a propagating damage site in the laser beam train because it will quickly develop into catastrophic damage in the form of a large crater in the optic or worse; and 25 or more NP damage sites per cm 2 , while they are benign because they do not grow, are flaws in the coating that scatter about 1% or more of the laser light out of the beam, and that level of loss of laser intensity is unacceptable for us.
RESULTS
In this section we discuss how reducing the number of cryo pumps in operation during the coating depositions affects the following: (i) the spectral characteristics of the coatings, (ii) the chamber pressure during depositions, and (iii) the LIDT of the coatings.
Transmission spectra of the coatings were taken with a Perkin Elmer Lambda 950 spectrophotometer. The scans were taken 1 month after the coatings were deposited to account for aging effects, which tend to cause the spectra of e-beam deposited coatings to shift to longer wavelength. The transmission of the AR coatings, as shown in Fig. 1 , are practically identical no matter how many cryo pumps were in operation during the deposition. We suspect these AR coatings were too thin for slight changes in coating process parameters to escalate into noticeable problems. On the other hand, the transmission of the HR coatings (Fig. 2) show a slight shift to longer wavelength as the number of cryo pumps in operation decrease. An examination of the pressure in the chamber during deposition helps explain these results.
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